
QCD VACUUM,
QUARK CONFINEMENT
AND MESON SPECTRUM

G.V.E�mov

1. Particle physics and quantum �eld theory. QED and QCD.

2. Vacuum �eld - (Anti-)selfdual homogeneous gluon �eld.
Con�nement of quarks and gluons

3. Hadronization in QCD, meson mass equation

4. Physical results:

(a) meson masses JP = 0−, 1−, 0+, 1+, 2+, 3−,
(b) radial excitations of 1−, 2+ mesons.
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Quantum �eld theory - QED and QEWD

L = L0 + gLI

non-interacting particle
particles interaction

plane waves α = g2

4π
< 1

Standard approach in QCD

LQCD = L0 + gLI

non-interacting quark-gluon
quarks & gluons interaction

plane waves αs = g2

4π
< 1

no con�nement

Idea → nonperturbative interaction → con�nement

⇓
Phenomenology (symmetries, new parameters)

⇓

Lhadrons
eff = Lhadrons

0 + geffLhadrons
I

effective non-interacting hadron
Lagrangian free hadrons interaction

plane waves
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Idea - a vacuum gluon �eld Bµ(x) should provide
the con�nement in QCD

LQCD[B] = L0[B] + gLI

non-interacting quark-gluon
quarks & gluons interaction

con�nement
no plane waves αs = g2

4π
< 1

⇓

Λconfinement ∼ Λhadronization

hadronization = collective-hadron variables
quark-hadron duality

Bethe-Salpeter equation
Parameters: {mq}, αs = g2

4π
, Λconf

⇓

Lhadrons = Lhadrons
0 + ghLhadrons

I

non-interacting non-local
free hadrons hadron-hadron interaction
plane waves αh =

g2
h

4π
< 1
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QED. Selfdual electromagnetic �eld with constsnt strength.

Bµ(x) = Λ2 bµνxν,

Bµν = ∂µBν(x) − ∂νBµ(x) = −2Λ2 bµν,

bµν = −bνµ, bµρbρν = −δµν,

b̃µν =
1

2
ενµαβbαβ = ±bµν.

∂µBµν(x) = 0

QCD. Selfdual gluon �eld with constsnt strength.

B̆µ(x) = Ba
µ(x)ta, Ba

µ(x) = Λ2 na bµνxν,

Ba
µν = ∂µBa

ν(x) − ∂νBa
µ(x) = −2Λ2 na bµν,

[B̆µ(x), B̆ν(x)] = 0,

na : (nana) = 1, (nanbncdabc)

∇µB̆µν = ∂µB̆µν − ig[B̆µ(x), B̆µν(x)] = 0.
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Fermion propagator in a self-dual �eld.

(∇̂(x) − m)S(x − x′) = −δ(x − x′),

∇µ(x) = ∂µ + iΛ2n̆bµνxν.

S±(x − x′) = ei(xµB̆µνx′
ν)

∫ dp

(2π)4
eip(x−x′)S̃±(p),

S̃±(p) =
1∫

0

du

2Λ2
e−u p2

2Λ2

(
1 − u

1 + u

) m2

4Λ2

·


ip̂ ± un̆γ5(γbp) +

m

1 − u2


1 ∓ γ5u

2 +
i

2
n̆(γbγ)u






 .

Analytical con�nement !
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Non-local distributions and Con�nement

-

G̃(E) ∼ el2E2

G(t − t′) = e−(l d
dt)

2

· δ(t − t′) =
∞∫

−∞

dE

2π
e−iE(t−t′)+l2E2

.

Jout(t) =
∞∫

−∞
G(t − t′)Jin(t′) =

∞∫

−∞

dE

2π
e−iEt · el2E2

J̃in(E).

|J̃(E)| ≤ Ce−|E|σ, σ > 2.

Jin(t) ∼ Ce−b|t|ρ =⇒ Jout(t) ∼ Ce−b|t|ρ, 1 < ρ < 2

Confinement ⇒




1. Two static quarks + Potential V (r) ∼ r

2. Quarks are fluctuations in space and time
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Vacuum energy in a self-dual
homogeneous �eld Bµ(x)

Efermion ∼ 4Λ4

12π2
ln


1 +


 Λ2

M2




2
 ,

Eboson ∼ − 2Λ4

12π2
ln


1 +


 Λ2

m2




2
 ,

Egluon ∼ 33Λ4

12π2
ln




Λ2

Λ2
QCD


 ,

EQED =
∑

F

EF (Λ) +
∑

B

EB(Λ)

∼ Λ4

12π2


4

∑

F

ln


1 +


 Λ2

M2
F




2
 − 2

∑

B

ln


1 +


 Λ2

m2
B




2





EQCD = Eg(Λ) +
∑
q

Eq(Λ)

∼ Λ4

12π2


33 ln




Λ2

Λ2
QCD


 + 4

∑
q

ln


1 +




Λ2

M2
q




2






Stability

QED : 2NF > NB,
∑

F

2

M2
F

>
∑

B

1

m2
B

, ⇒ Λ = 0.

QCD : Λ > 0, Always!.
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QCD, L = −1
8Tr Ğ2

µν + q̄(i∇̂ − m)q

QCD vacuum → B̆µ(x)

↓
g2

2 (q̄γµtaq)x1
Dab

µν(x1, x2)(q̄γνtbq)x2

↓
Fierz transformation

2g2

9
∑
J

JJ(x1, x2)JJ(x2, x1) = g2

2
∑
J

JJ(x, y)JJ(x, y)

↓
Quantum numbers and vertex functions

JJ(x, y) =
√

D(y)(q̄(x + y
2)ΓJq(x − y

2)) =
∑
Q

JJQ(x)UQ(y)

JJQ(x) = q̄(x)VJQ(
↔
∂)q(x), VJQ(

↔
∂) =

∫
dy UJQ(y)

√
D(y)e

y
2

↔
∂

↓
LI = g2

2
∑
JQ

∫
dx J2

JQ(x)

↓
e

g2

2
(J2

JQ) =
∫
DBQ e−1

2
(B2

JQ)+g(BJQJJQ) → integration over q̄ and q

↓
∫
DBJQ e−1

2
(B2

JQ)+Tr ln[1+g(BJQVJQ)S]

→ ∫
DBJQ e−1

2
(BJQ[I−g2Tr(VJQSVJQS)]BJQ)+WI [B]

↓
Bethe − Salpeter equation

g2Tr(VJQSVJ ′Q′S) = (UJQΠUJ ′Q′) = λJQ(−p2)δJJ ′δQQ′

↓
1 = λJQ(M2

JQ),

↓
WI[B] = g3

3 Tr[(BJQVJQ)S(BJQVJQ)S(BJQVJQ)S] + O(B4)
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Meson masses

I. Λhadronization ≈ Λconfinement

II. Analytical confinement

III. Bethe − Salpeter equation

IV. MQ(x) =
(
q̄1(x)VQ

(↔
∂x

)
q2(x)

)

MQ(m1, m2) = M(m1, m2, AQ)

= (m1 + m2)


1 +

AQ

(m2
1 + 1.13m1m2 + m2

2)
0.625


 ,

Q = (JP , n)

n = 0 JP = 0−, 1−, 0+, 1+, 2+, 3−

n > 0 JP = 1−, 2+

(u = d, s, , c , b)
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1 =
αs

π

∫∫
dy1dy2VQ(y1)ΠQ(y1 − y2|p)VQ(y2).

1 =
αs

π

∫1∫

0

du1du2PQ(...)e
(m1+m2)2

2Λ2 E(µ,µ1,µ2,u1,u2).

E(µ, µ1, µ2, u1, u2) = µ2 · u1u2 + 2(µ2
1u1 + µ2

2u2)

u1 + u2 + 2

+
µ2

1

2
ln



1 − u1

1 + u1


 +

µ2
2

2
ln



1 − u2

1 + u2


 .

µ =
M

m1 + m2

, µj =
mj

m1 + m2

, j = 1, 2

1 ≤ µ =
M

m1 + m2

≤ 1 ÷ 2.5; µ1 + µ2 = 1.

µ =
M

m1 + m2

< 1, M < m1 + m2 =⇒ π K
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M > m1 + m2, e
(m1+m2)2

2Λ2 E(µ,µ1,µ2) > 1

∫1∫

0

du1du2PQ(...)e
(m1+m2)2

2Λ2 E(...) ≈ CQe
(m1+m2)2

2Λ2 E(M,m1,m2)

E(M, m1, m2) = max
u1, u2

E(µ, µ1, µ2, u1, u2)

= max
u1,u2


µ2 · u1u2 + 2(µ2

1u1 + µ2
2u2)

u1 + u2 + 2

+
µ2

1

2
ln



1 − u1

1 + u1


 +

µ2
2

2
ln



1 − u2

1 + u2





 .

1 ∼ αs

π
CQe

(m1+m2)2

2Λ2 E(M,m1,m2).

MQ(m1, m2) = M(m1, m2, AQ)

≈ (m1 + m2)


1 +

AQ
(
m2

1 + 1.13m1m2 + m2
2

)0.625


 .
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Meson masses.

Q = JP ⇒




uVQū uVQs̄ uVQc̄ uVQb̄

sVQs̄ sVQc̄ sVQb̄

cVQc̄ cVQb̄

bVQb̄




.

P (0−) =




η(547) K(494) D(1869) B(5279)

η′(957) Ds(1968) Bs(5369)

ηc(2979) Bc(6400)

ηb(9300)



;

V (1−) =




ω(782) K∗(892) D∗(2007) B∗(5325)

φ(1020) D∗
s(2112) −

J/ψ(3100) −
Υ(9460)



;

S(0+) =




f0(980) − − −
f0(1370) − −

χc0(3415) −
χb0(9893)



;

A(1+) =




a1(1260) K1(1330) − −
f1(1420) − −

χc1(3510) −
χb1(9892)



;

D(2+) =




f2(1270) K∗
2(1430) D∗

2(2460) −
f ′

2(1525) − −
χc2(3556) −

χb2(9912)




.

T (3−) =




ω3(1670) K∗
3(1780)

φ3(1850)


 .
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mu = md, ms, mc, mb − 4 − parameters

AP , AV , AS, AA, AD, AT − 6 − parameters

OQ =
1

NQ

∑

m1,m2,AQ


1 − MQ,m1,m2(m1, m2, AQ)

(MQ,m1,m2)exp



2

mf mu ms mc mb

Mev 260 434 1506 4732

Q P = 0− V = 1− S = 0+ A = 1+ D = 2+ T = 3−

AQ 0.0216 0.217 0.249 0.527 0.618 0.838
OQ 0.011 0.0026 0.012 0.0023 0.0019 0.00016
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Radial excitations for vector 1− mesons.

n ρ = uū ψ = cc̄ Υ = bb̄ AV OV

0 ρ(770) J/ψ(3100) Υ(1S)(9460) 0.188 0.0079

778 3178 9589

1 ρ(1450) ψ(2S)(3655) Υ(2S)(10023) 0.585 0.0037

1323 3530 9853

2 ρ(1700) ψ(3770) Υ(3S)(10365) 0.859 0.0011

1699 3772 10035

3 ρ(1900) ψ(4040) Υ(4S)(10580) 1.137 0.0034

2081 4018 10220

4 ρ(2150) ψ(4160) Υ(10860) 1.362 0.0049

2390 4217 10370

5 ρ(−) ψ(4415) Υ(11020) 1.574 −
2698 4416 10518
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Tensor mesons 2+

D1(2+, 1) =




f2(1565) K∗
2(1980) − −

f2(2010) − −
− −

χb2(2P )(10268)




.

n = 0 n = 1

uū f2(1270) - 1336 f2(1565) - 1737

us̄ K∗
2(1430) - 1445 K∗

2(1980) - 1818

ss̄ f ′
2(1525) - 1586 f2(2010) - 1939

sc̄ D∗
2(2460) - 2320 − - 2772

cc̄ χc2(1P )(3556) - 3537 − - 3796

bb̄ χb2(1P )(9912) - 9859 χb2(2P )(10268) - 10053

AD 0.594 0.886

OD 0.0013 0.0051
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Light mesons

π(138) = (uū) K(494) = (us̄)

Mπ = 138 < 2mu = 520, MK = 494 < mu + ms = 694.



F (Mπ, mu, mu)

F (MK, mu, ms)



2

= 1.26, (∼ 30%).
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Conclusion

• Con�nement - quarks and gluons are �uctuations in time-space.

• Stability in a self-dual homogeneous �eld:

� no con�nement in QED - all basic particles are fermions
and electron has the lowest mass;

� con�nement in QCD - gluons have zero mass.

• The structure of the quark propagetor in gluon vacuum �eld
predetermines main features of meson spectrum.

• The formula

MQ(m1, m2)

≈ (m1 + m2)


1 +

AQ
(
m2

1 + 1.13m1m2 + m2
2

)0.625


 .

correctly describes the mass dependence of mesons
on masses of constituent quarks.

• The (anti)self-dual homogeneous �eld is a good candidate
to be the vacuum gluon �eld.
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